Concentric wire-driven mechanism (CWM) contains two nested tendon/cable-driven mechanisms (TMs). In the CWM, the lengths of the bending sections are controlled by the insertion of the TMs. This greatly expands the workspace and improved the trajectory following performance. However, its inverse kinematics and configuration planning are very challenging. Conventionally, only end position (excluding equally important end direction and task configuration) is considered to solve inverse kinematics and configurations of this type of manipulator. In this paper, a biarc method is proposed to resolve end position, end direction, and task configuration simultaneously for the concentric wire-driven manipulator. Firstly, configuration of the concentric wire-driven manipulator is parameterized by typical biarc parameters, such as total bending angle of outer nodes, total bending angle of inner nodes and desired direction vector. Then, task configuration optimization based on basic module parameters, end direction, and bending angle is detailed. Corresponding to a minimally invasive surgery, configurations can easily be designed and re-planned by adjusting above biarc parameters. Finally, trajectory tracking on large intestine examination through typical 'S' configuration are simulated and experimented on the designed concentric wire-driven manipulator. Results demonstrate that the proposed method can provide reasonable solutions of kinematics and configuration planning. In addition, results also demonstrate that the concentric wire-driven manipulator can track desired trajectory in extremely confined space.
I. INTRODUCTION
Different from conventional 6 or 7 degrees of freedom industry robots [1] , [2] , a cable-driven robot can install drive motors concentrated in a remote control box and control the movement of manipulator by tightening and relaxing cables passing through manipulator. This type of robot can be miniaturized because of the separation characteristics between mechanical and electrical. Therefore, it is more suitable for applications within confined environment, i.e. minimally invasive surgery [3] - [6] . One of the most important issues of robot-assisted minimally invasive surgery is its The associate editor coordinating the review of this manuscript and approving it for publication was Zheng Chen . inverse kinematics. As the robot moves at a very slow speed in actual medical applications and the driving force of the motor is mainly used to overcome the elastic force of the elastic body and the frictional force when cables move, the dynamic characteristics can usually be ignored. Therefore, for medical applications the majority of modeling efforts thus far have become one of solving quasi-static inverse kinematics. Similar to conventional multi-degree-of-freedom series manipulators, the inverse kinematics of such robot is also relatively complex. How to find a set of ideal solutions from the infinitely sets of solutions for hyper-redundant or continuum manipulators becomes a very attractive issue.
Scholars around the world have conducted wide and in-depth research on kinematics modeling methods of VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ such robots. One of the most common methods for conventional rigid link manipulators is the discrete modeling approach. For the above robots, a series of rigid links are connected by conventional revolute joint, universal joint or ball joint, so that homogeneous transformations method based on standard Denavit-Hartenberg (D-H) parameters can be adopted. For low-redundant manipulators [7] , the mostly used method is the generalized inverse of Jacobian matrix [8] , [9] . While the computational complexity of the generalized inverse of Jacobian matrix will become very large with the increase of the number of degrees of freedom. For highredundant manipulators, this discrete approach is also very suitable for inverse kinematics solution of conventional rigid link manipulators [10] - [12] . One of the most common modeling method for continuum robots is constant curvature kinematic frameworks. In this approach, a finite number of tangential arcs of constant curvature assumption are typically used to characterize the geometric features of the continuum robot's backbone. The shape of continuum robots is described by the configuration coordinates formed by arc parameters, i.e. curvature, length, and bending angle [13] .
The method also spawned a series of similar methods such as D-H parameters [14] , [15] , Frenet-Serret frames [14] , integral representation [16] , and exponential coordinates [17] . Hirose proposed the serpeniod curve to match kinematics of a snake's body in plane [18] . This research result demonstrates an efficient way for the movement of snake robot. Chirikjian and Burdick [16] and Chirikjian [19] took the opposite approach by linking the shape of a particular mathematical curve to a high-degree-of-freedom robot. While the applicability of this method is limited for few continuum robots matching the proposed curve. Neppalli et al. [20] proposed a closed-form inverse solution for multi-section continuum robots. In this method, besides the distal end position, the length of each section needs to be known. However, in general, these lengths is difficult to be predetermined, as there are infinite ways to reach a desired position. Li and Du [21] proposed a method in which closed form inverse kinematics can be solved. It is called a uniform bending scheme. In this method, the backbone radius for each section is the same. In addition, all the bending motions are in the same plane. In this design, each section has the same number of nodes and the same bending angle. Hence, the multi-section inverse kinematic problem becomes the single section case. Although this simple case is one of many, it is useful in robot manipulation. Berthet-Rayne et al. [22] proposed an inverse kinematics control method for redundant snakelike robot's tele-operation during minimally invasive surgery. Six different control methods (e.g., Jacobian pseudo-inverse) are implemented to be tested on a custom simulator. However, only the position of end-effector is considered to solve inverse kinematics in most of methods for medical continuum manipulator, the equally important end-effector direction of manipulator cannot always be considered. In this paper, a biarc method is proposed to resolve the pose of end-effector and control the configuration for concentric wire-driven manipulator. It can generate reasonable solutions for the posedetermining problem and configuration-planning problem. The desired end position, end direction, and task configuration can simultaneously be determined. Corresponding to a laparoscopic surgery task, the configuration can easily be designed and planned by adjusting a few biarc parameters. The computation efficiency of the method is highly improved. Therefore, the method has obvious advantage in real-time control. It can also be applied to other manipulators with similar serial configurations, such as Tendon-driven Continuum Manipulator, Tendon-driven Serpentine Manipulator, Concentric Tube Manipulator [13] . The remainder of this paper is organized as follows. Section II analyzes the configuration of the concentric wiredriven manipulator. Section III introduces the kinematics model and then proposes a biarc method to solve the inverse kinematics with both the position and direction of concentric wire-driven manipulator considered. The forward kinematics and inverse kinematics among actuator space, configuration space and task space are all detailed. In Section IV, the optimization method of task configuration is addressed corresponding to some practical requirements. In section V, methods comparison and experiment on concentric wiredriven manipulator are presented to verify the proposed biarc method. The last section summarizes the whole paper and provides conclusions.
II. CONFIGURATION OF CONCENTRIC WIRE-DRIVEN MANIPULATORS
A concentric wire-driven manipulator prototype is designed to carry out examinations and surgical operations on patients, which is shown in FIGURE 1. It mainly consists of two parts: the drive mechanism (i.e. controller, motor, cable, etc.) and the operation mechanism (i.e. the concentric manipulator, tool, etc.). The linear movement along base of outer holder is actuated by motor (i.e. Mot O ) driving corresponding ball screw. The dexterous movement of outer cable-driven mechanism is actuated by motors (i.e. Mot Oi , i = 1, 2, 3, 4) driving corresponding ball screw and cables (i.e. L Oi ). In a similar way, the linear movement of inner holder along base is actuated by motor (i.e. Mot I ) driving corresponding ball screw. The dexterous movement of inner cable-driven mechanism is actuated by motors (i.e. Mot Ii ) driving corresponding ball screw and cables (i.e. L IOi + L Ii ).
Operation mechanism of concentric wire-driven manipulator is shown in the dotted box in FIGURE 1. The base is fixed onto ground. Outer cable-driven mechanism connecting outer holder is driven by motor (i.e. Mot O ) along base. Similarly, inner cable-driven mechanism connecting inner holder is driven by motor (i.e. Mot I ) along base. The middle elastic backbone is made of long threaded wire and it has very good elasticity. Its deformation under force is close to constant curvature.
III. BIARC METHOD OF KINEMATICS MODELING A. KINEMATICS RELATIONSHIP AND DEFINATION
The concentric wire-driven manipulator is a strongly coupled, nonlinear and under-actuated system. The variation of its configuration is quite complicated. In this paper, under the condition of no external force, the kinematics and trajectory planning research will be carried out based on the piecewise constant curvature (PCC) assumption. In practical applications, the condition of no external force is to simulate that the concentric wire-driven manipulator does not contact with human tissue during the examination or surgery to reduce patient's discomfort.
The kinematic relationship of the concentric wire-driven manipulator can be divided into 4 coupling relationships among three spaces, i.e. actuator space, configuration space, task space [23] , [24] , which is shown in FIGURE 2. The coupling relationships among three spaces is expressed as follows: a) between (length of outer/inner cables & movement of outer/inner holder) and (bending angle of outer/inner nodes & length of outer/inner nodes), its forward kinematics and inverse kinematics are expressed as f 1 and f −1 respectively. For ease of modeling, concentric wire-driven manipulator can be divided into outer nodes (i.e. S O ), inner nodes (i.e. S I ) and overlapped nodes (i.e. S IO ). The overlapped nodes pass through the outer nodes, so outer nodes also determine its configuration and cable length. l Oi , l Ii and l IOi are cable length between adjacent 
B. MAPPING BETWEEN ACTUATOR SPACE AND CONFIGURATION SPACE
Outer cable-driven mechanism and inner cable-driven mechanism have the same configuration except for the difference in size. Each node and adjacent gap are defined as a basic module, which is shown in 
1) RESOLUTION OF INVERSE KINEMATICS
Cable length L O2 and L O4 are not change in the neutral layer. While cable length L O1 and L O3 vary with the desired end position and desired tangential direction. This section takes inner nodes as an example to perform kinematic analysis. As is shown in FIGURE 3, gap distance between adjacent inner node can be defined as (1) . Cable length between adjacent inner nodes can be defined as (2) .
According to FIGURE 4, Movement of outer holder along X-axis and total cable length among all outer nodes can be defined as (3).
Therefore, movement of inner holder along X-axis and total cable length among all inner nodes can be defined as (4) .
Equation (3) and (4) are the inverse kinematics of concentric wire-driven manipulator in FIGURE 2, i.e. f −1 1 .
2) RESOLUTION OF FORWARD KINEMATICS
The forward kinematics f 1 in FIGURE 2 will be detailed in this section. The total backbone length of outer, overlapped inner and inner nodes can be calculated in (5) . In theory, total bending joint angle of outer, overlapped inner and inner nodes are defined in (6) according to (2) . The bending direction of outer and inner nodes are
The application of concentric wire-driven manipulator in the task space mainly lies in the resolution of inverse kinematics (i.e. f −1 2 ), which will be introduced in detail in this section. If a curve passes given points and meets the tangent requirement at given points, then such a curve satisfies Hermite data [25] . The biarc in this paper is such a curve: the biarc is composed of two arcs determined by given start point (i.e. O S ), end point (i.e. P I ) and tangent of the two points (i.e. t S and t I ). The two arcs intersect at one point (i.e. P O ), and the tangential direction at this point (i.e. t O ) is equal. α is set as the anticlockwise angle from vector t S to vector O S P I , α ∈ (−π, π). β is set as the anticlockwise angle from vector O S P I to vector t I , β ∈ (−π, π). W is defined as the anticlockwise angle from vector t S to vector t I .
S O is the arc between O S and P O , its corresponding central angle is O . S I is the arc between P O and P I , its corresponding central angle is I . If the central angle is zero, the corresponding arc length is equal to zero. If the central angle is not zero, the radius corresponding to the arc is the ratio of its arc length to central angle. The sign of central angles O and I determine the shape of the biarc. If both O > 0 and I > 0 are satisfied, the biarc is C-shape, which is shown in FIGURE 5. If both O > 0 and I < 0 are satisfied, the biarc is S-shape which is shown in FIGURE 6.
Because the movement of outer and inner holder is along X-axis, the vector t S is also set to along X-axis. The value of vector O S P O can be calculated in (11) . The value of vector P O P I can be calculated in (12) . The value of vector O S P I can be calculated in (13) . When the value of W is zero, the equation (13) can be rewritten as (14) .
It can be seen from (14) that the influence of S O and S I on O S P I is equivalent. Without loss of generality, each parameter is set to satisfy the formula (15) . When the value of W is not zero, the value of S O and S I can be solved in (16) and (17) respectively.
As the elastic backbone of the concentric wire-driven manipulator is constrained by the cables and connected spherical joints in serial, the length of the central axis of the elastic backbone will not change. That is the length of S O and S I are respectively equal to the length of the corresponding central axis of the elastic backbone. Therefore, the value of θ O , θ IO ,and θ I can be calculated in (18) . In practice, the value of S * /(H * + h * ) is not always an integer, so we use the command ''round'' in Matlab to round the value to the nearest integer and the command ''ceil'' in Matlab to round the value up to + inf. (i.e. round (1.4) = 1 and ceil (4.24) = 5).
Forward kinematics between configuration space and task space of concentric wire-driven manipulator (i.e. f 2 in  FIGURE 2 ) is obvious. The end positions are calculated in (19) , (20) and (21) .
As is shown in FIGURE 5 and FIGURE 6 , when the value of P I (x I , y I ), O I x O I , y O I are known the value of R I can be calculate as (22) .
Then the tangent equation passing through point P I (x I , y I , 0) can be expressed as (24) . The tangential direction of last inner node is listed in (25) . 
It is found in FIGURE 7 that the calculated end position of last inner node (i.e. P r I ) is different from the desired end position of last inner node (i.e. P I ). Its difference in distance is = 6.92mm.The reasons will be discussed in detail in section IV -A.
IV. OPTIMIZATION OF TASK CONFIGURATION A. TASK CONFIGURATION OPTIMIZATION BASED ON BASIC MODULE PAPAMETERS
In FIGURE 7, the reasons for the difference between P r I and P I can be summarized as follows: (1) The number of basic modules solved by the backbone is not necessarily an integer, so the rounding process will inevitably cause the difference in end position. In summary, by reasonably reducing parameter value of basic module and increasing the number of basic module, the ''resolution'' of the reachable position and direction of the concentric wire-driven manipulator can be optimized.
In theory, when the resolution reaches the limit state, it will be a continuum manipulator. From this analysis, we can get the following inspiration: 1) Dimensions of basic module can reasonably be designed under the condition that the "resolution" of position and direction are satisfied. 2) The motion of concentric wiredriven manipulator can be planned using constant curvature assumption originally for continuum robot.
3) The numbers of basic module of the concentric wire-driven manipulator can be optimized to improve load capacity.
B. TASK CONFIGURATION OPTIMIZATION BASED ON END DIRECTION
In trajectory planning, the end position is along expected path to move, so the optimal path has always been determined by the constraints of the task. Therefore, the kinematics model established in section III provides a solution to obtain the corresponding configuration to complete trajectory planning. While when the hand-eye camera is installed, the view angle of hand-eye camera (standard lens view angle is 46 o ) can be fully utilized. Therefore, the tangential direction of last inner node (i.e. t I ) can be adjusted within range of view field. In this way, it is possible to keep the target point in the field of view while avoiding obstacles in confined space.
The end position and direction of concentric wire-driven manipulator are as shown in (26). By adjusting the end direction, it can be seen that the configuration calculated by inverse kinematics will also change, and the corresponding configuration is shown in FIGURE 9.
C. TASK CONFIGURATION OPTIMIZATION BASED ON BENDING ANGLE
To reduce the difference in length between total backbone length of outer nodes and total backbone length of inner nodes, this paper defines O = k (2α − W /2). In order to adjust the configuration of the concentric wire-driven manipulator in practice, the proportional coefficient k can actively be adjusted in the Graphical User Interface (GUI) according to the needs of operation experts. Then the total bending joint angle of outer nodes O will also change relying on proportional coefficient. Thereby the goal of changing the configuration and the ratio between total backbone length of outer nodes and total backbone length of inner nodes are achieved. In this way, it is possible to keep the end position tracking the desired path while avoiding obstacles in confined space. The end position and the direction of concentric wiredriven manipulator are as shown in (26). When the proportional coefficient is adjusted as k = [0.4, 0.6 · · · 1.6], the total bending joint angle of outer nodes O will also change as O = [21.0 o , 31.5 o · · · 84.0 o ], then the changes in corresponding configuration relying on proportional coefficient are shown in FIGURE 10. For example, when proportional coefficient is k = 0.8, the total bending joint angle of outer nodes is O = 42.0 o , the corresponding distal tip of outer node is indicated by the solid arrow in FIGURE 10. 
V. METHODS COMPARISON AND EXPERIMENTS A. METHODS COMPARISON
The inverse kinematics of a multi-section flexible robot is complex. Ref [20] decomposed the problem into several simpler sub-problems. First, a solution to the inverse kinematics problem for a single-section is presented. Assuming end positions for all sections of a multi-section are known, authors applied single-section inverse kinematics to each section of the multi-section. While the resulting changes in important orientation should be compensated for each solving process. However, in general, these end positions for all sections cannot always be predetermined reasonably. Since there are many ways to reach a desired position, Ref [21] proposed a uniform bending scheme to solve the closed form inverse kinematics. In this scheme, the backbone radius for each section is set as same value and all the bending motions are in the same plane. Therefore, this method can only find a feasible and particular set of solution from many solutions. The shortcoming of the above methods is that end-direction and task configuration cannot be considered simultaneously when solving inverse kinematics.
In section III of this paper, a biarc method is proposed to resolve the end position, end direction, and task configuration simultaneously for the concentric wire-driven manipulator. Corresponding to a minimally invasive surgery, configurations can easily be designed and re-planned by adjusting the biarc parameters. The comparison of these methods is listed in TABLE 1.
B. TRAJECTORY TRACKING EXPERIMENTS
A concentric wire-driven manipulator system is developed to verify proposed method. The manipulator is composed of 10 equivalent degrees of freedom, which is shown in FIGURE 11 .
In order to verify the adaptability, this paper takes the model of human large intestine as an example and carries out an inspection experiment based on the proposed biarc method. Firstly, adapting to the natural bending of the large intestine, concentric wire-driven manipulator performs a camera inspection with a C-shape biarc to the turning node of large intestine. Secondly, the manipulator continues to carry out camera inspection with the S-shape biarc, and assists the doctor to complete the examination of the whole large intestine. Key points of end position of last inner node in (28) is determined based on the human large intestine model in FIGURE 12-a) . Moreover, the path is constrained by Bézier curve with control points in (29) and FIGURE 12-a) . Then the proposed biarc method is used The movement of the concentric wire-driven manipulator is controlled to move according to the planned joint angles of the manipulator at each step. Experiment process is shown in FIGURE 15. Camera 1 to camera 4 are used to monitor the movement of the manipulator. TrakSTAR which is an electromagnetic tracker is used to detect end position. In TABLE 2 we can see that the max repeatability error of end positon p in experiment 2 is 0.4331 mm. While the the concentric wire-driven manipulator. It also reflects the extremely confined-space-crossing capability of the concentric wire-driven manipulator.
VI. CONCLUSION
Results of trajectory tracking experiment demonstrate that the proposed biarc method can provide reasonable solutions of kinematics and configuration planning for the novel concentric wire-driven manipulator with end position, end direction, and task configuration considered simultaneously. Different from other methods, the typical parameters of biarc method (i.e. basic module parameters, end direction, and bending angle) can be used to optimize the configuration of concentric wire-driven manipulator. Configurations can easily be designed and re-planned by adjusting the above biarc parameters to adapt to requirements of minimally invasive surgery. It can also be found by experiments, the max and average repeatability error of end positon p in trajectory tracking are less than 0.4331 mm and 0.1206 mm respectively. Results demonstrate that the novel concentric wire-driven manipulator can track desired trajectory with high precision in confined space. Without loss of generality, the proposed method can also solve the kinematics and configurationplanning problem of Tendon-driven Continuum Manipulator (TCM), Tendon-driven Serpentine Manipulator (TSM), and Concentric Tube Manipulator (CTM) [13] easily. In the future, we will further research payload capability, statics, and trajectory planning method in three-dimensional space to accommodate to more complex confined space.
